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SUMiARY 



Results are presented of measurement of the pressure drop 
in ducts produced by t/ro equal 90^ elbov/s arranged at three 
different angular positions to each other, placed adjacent to 
each other, or separated by 5traif,ht ducts of various lengths • 
The measured ores sure drops have been ar^lyzed and correlated, 
and the results are sumraarized in the form of curves adapted 
for design computations of pressure drop in compound-duct bends 



INTRODUCTION 



■ A program of systematic invectigati'.on of the pressure drop 
and, in some oases, of the velocity distribution in compound 
elbows \ms undertaken for the purpose of furnishing to the 
designer of ducting systems in aircraft certain engineering 
data required for the computation of pressure losses in these 
systems* At the suggestion and with the financial support of 
the National Advisory Committee for Aeronautics, the work was 
undertaken at Case School of Applied Science. The design of 
the ducts, the testing, and the computation of the results was 
carried out by Frank E» karblo, J# J« Jacklitoh, Jr., research 
assistants and Donald Steel, instructor at Case School of 
Applied Science* 

APPARATUS AND EQUIHdENT 
Testing Equipment 



The layout of the tost stand for the measurement of 
pressure drop in compound bonds is shown in figure 1 and a 
photograph of the setup for a particular test is reproduced as 
figure 2» 
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31ov/Gr» - Tha equipment is poAvered by a typo 3.^-20 North 
American centrifugal hlower rated as f ollovrs : 

Maximum speed, 31^00 rr^m 

Quantity of flow, 58CO cubic feet per minute 

Total pressure, 20 ounces per square inch 

A measured performance curve of this blov/er at 3^00 rpm is 
shomi in figure 3« 

The blov;er is driven by a d ire rt- current motor that may be 
connected to either the liolvolt or the 220.volt direct- current 
laboratory circuit, thus affording speed control of great accuracy 
over a wide range and making it possible to extend the series of 
tests over a considerable range of Reimolds numbers o In^a 6- 
inch-dia.aetor duct, for instance, it: is possible to attain 
Reynolds numbers of 1,000,000* kach numbers are .xs high as 0.3^ 

Still larj?:or I^eynolds numbers may bo obtained by placing a 
diffuser at the outlet of the duct and thereby recovering a 
sizeable portion of the kinetic energy of the strocun* It has 
not been necessary to apply the diffuser for the present 
investigation because the capacity of the blower has been more 
than adoqviato* 

Int ake box and measuring orifice > - The intake box is 36 
by 36"1!ncVics in cross section and 4^ inches longo The rear face 
has a 23-inch-.diamoter opening with fairing in the box to 
change from square to rounds The outlet opening of the box is 
placed tightly against the inlet opening of the blower, which 
has a diameter equal to that of the box. 

The quantity of flow is measured at the inlet side of the 
blower by means of four exchangeable sharp-edge orifices mounted 
in the intake box. These orifices arc symmetrically arranged 
on a circle about the axis of the box. 

7 13 , /7 

The diameters of the orifices arc 4-^ inclies, inches, Cr^ 

7 

inches, and 6-^ inches. Measurements of pressure drop ;i^re 

obtained by means of a tap in the side wall of the intake box, 
located on the horizontal center piano, 1 inch downstream of the 
orifices. The accuracy of quantity measurement should be ±1«5 
porcenu according to reference 1. 
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The amount of leakajo of air in the fan and the adjoining 
ducting v/as dotormined in a spocial test. In this tost the 
outlet of the discharge ducting and the inlet were flanged off 
and^ v/ith the blower standing still, air was forced into this 
system by moans of a vacuum-cleaner fan. The quantity of air 
handled by the vacuum- cleaner fan was deterrrdned for various 
static pressures produced in the system* The results of theso 
measurements showed that under norml conditions of operation 
the amount of leakage, such as occurs at the shaft seal of the 
blower, v/ould not appreciably afi'ect the accuracy of measurement. 
Simultaneous determination of the quantity of flow from orifice 
measuromonts and from velocity- traverse measurements at the 
discharge of the plon^om chamber ga-^vc results that agreed within 
2 percent. 

Plenum chamber . - Connected to the discharge opening of the 
blower there is a plenum chamber 4P> inches long and 

17-^ by 17^ inches in cross Svjction. A honeycomb section is mounted 

inside the plenum chamber 24 inches from the fan outlet. The 
sections of the honeycomb are 3/4 by 3/4 by 6 inches deep. Screen 
wire l8 mesh to the inch, l/lCO-inch-wire diameter, is installed 
10 inches downstream of the honeycomb to equalize the flo\: and 
further to reduce the turbulence. The maxi:num velocity in the 
pl'Onum chamber is 30 feet per second. The plenum chamber is 
fa.ired dovm to a cross section of shape and dimensions corres- 
ponding to those of the duct to be tested by a false structure 
extending 12 inches upstream from the outlet and a nozzle t The 
noz7.1e, 4 inches in length, connects the ojatlet of the plenum 
chamber to the duct and effects a gradual ch':.nge of cross section 
to that of the duct. The contraction ratio of the transition 
from plenum chamber to duct is 10:1 for ducts of a cross-sectional 
area equal to that of a 6-inch-diametor duct. 

Traversing head . - A traversing head and a multitube m.ano- 
motor (figs. 4 to 6) were used to obtain the velocity distribution 
in the 6-inch-diamoter duct. Wall tap5: were used to get 
additional static-pressure measurements in txio plarie of the 
traverse. The traversing head also had a rake of silk tr.reads 
for observation of the direction of flow throug?i vrindows 
provided for the purpose. This rake is arranged at right 
angl'^s to the tubes to minimize interference with the flow past 
the tubes. The traversing head can bo rotated betv:een its 
flanges to obtain a nuiT±)er of diametral traverses. Hecords of 
pressure distribution were obtained by blueprinting the shadow 
of the mcnisouseSf 
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Ducts and Elbows 



The straight ducts usud in theso tests of round and 
elliptical cross section wore mdc of galvr.nized iron« They 
Vv-ore' joined together with flanges made of 3/4-.inch plywood. 
The straight ducts of square ^.nd rectangular cross section 
were r.ade of white pine and plywood, which was varnished on 
the inside to close the pores and decrease the roughness • Those 
ducts v:oro also provided with flanges. Pr-cisc alineinent was 
obtained by insertion into the flanges of brass dowels, such as 
are used in p-.^ttorninaking. By this neans deviation from alinemont 
of the inside v/alls is kept oolow 1/32 inch. Prolinin:.ry tests 
of both the elliptical and rectangular ducts of large aspect 
ratio disclosed that thoy v;ould distort under internal pressure. 
In order to prevent this distortion, frnnes woro mounted around 
the durts at intervals of 12 inch:<es and the- correct cross 
section v/as thereby jmintained, v/ithin close limits, over the 
entire length of the duct. 

The elbows of round and elliptical cross section were carved 
to toLiplct from glued blocks of wood. Their inside surface to.s 
rendered smooth by t^ic coats of shellac, of v/hich bhe first one 
was rubbed down before application of the second. The three 
single elbows of circular cross section are sho^m in figure 7. 
The olbo\;s of square and rectangular cross section v/ero m^.de of 
galvanized iron and v;ore provided with flariges on both ends. 
(See fig. 8.) The seams were such ohab thoy left the inside 
perfectly smooth. These olbo\:G, as vrell ar; the ducts of square 
and rectangular cross section, bad sharp corners without fillets. 
Dimensions of the eT-^'OWs are given in table I. 
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"At' the cross sections of the- -straight duct, selected for 

static-pressure measurements, four pressure taps were located 
in the same transverse plane. In the case of the round ducts, 
the v^all taps were spaced equally around the circumference. 
In the ducts of elliptical cross section, tar)s were provided 
on the major and minor axes - one on each side. For ducts made 
of galvanizod iron, these taps were drilled with a No. 40 drill. 
In the case of ducts made of wood a thick-wall brass tube with 
a 1/3 2 -inch-diameter hole v/as ins<3rted in the v;all, filed flush 
with the inside surface. Burrs were carefully removed and, in 
the case of the wooden ducts, pattern wax ims applied in crev- 
ices to insure a perfectly smooth and regular surface in the 
vicinity of the pressure tap* The four pressure taps were in- 
terconnected by a circular line from which one connection was 
led to a U tube. 

Photographs of the test setup for a U bend of the 5^1 
rectangular duct and for a 90'^"'-of f set bend of the 5 ^ 1 ellip- 
tical duct are shown in figures 9 and 10, respectively. The 
photograph, figure 9, was taken before stiffening frames Y:ore 
applied, while figure 10 shows the stiffening frames. In the 
case of the 90^-off6et bonds of the elliptical and rectangular 
ducts the inlet area of the second elbov/ was angularly displaced 
by 90^ vri.th respect to the outlet area of the first elbov/o 
(See fig. 10.) The transition was accomplished by means of 
two transition sections, each 1 foot long, changing the ellip- 
tical section into a circular section 01 the sai.ie area and, 
corresnondingly, the rectangular section into a square section 
.cf^thjg^ same area. One tranp>ition section v.^s placed directly 
do-'-zmstream of the second elbow. The required length of spacer 
TOS or educed by placing a piece ox duct of circular (or square) 
section betv/cen these two transition pieces. For minimum, 
length of spacer, the two transition pieces were placed flange 
to flange. 

CALIBRATIONS 

Calibration tests of the blower, in which the speed \ms 
held constant and the air was disc'narged against resistances 
of the order of magnitude to be encountered in the ducting, 
had shown that the touting equipment has ample capacity. A 
characteristic perfonaance curve of the blower at 3^00 rpm 
is shovrn in figure 3# The electrical equipment v/as chosen to 
permit very sensitive speed control and, at the same time, to 
keep an established condition of operation constant for the 
duration of the run. 
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As previously stated, quantity measuroments computed 
from orifice- and velocity- traverse mcasur orients agreed "with- 
in 2 percent. This agreement was accepted as satisfactory. 

preliminary to the determination of coefficients of 
friction of the straight duct, tests were conducted to estab- 
lish tlie effect of approach length, that is, the length of 
duct required to produce a fully developed velocity profiloo 
It might be expected that in the approach longth the pressure 
gradient is larger than the prossure gradient in the part of 
the duct in which the profile is fully developed. Evidence 
v.^s obtained from velocity tra-^jerses and pressure measurements 
that the boundary layer developed very rapidly immediately 
dovmstream of the nozzle and more sloivly with increasing 
distance from the nozzle, thus r.poroaching as^-mptotically tlie 
fully developed state. 

The friction drop in a 6-inc}i-diair)etcr straight duct of 
circular cross s-cction was determined for a 30-foot length 
between taps, beginning 4 feet from the nozzle, and for a 20- 
foot length between taps, beginning 14 feet from the nozzle. 
It was observed, hoi/ever, that it was m.ore difficult to obtain 
consistent pressure readings on the upstream taps v.'ith the 
shorter aopro:?ch length than with the longer. On the basis 
of these tests, the rule w-as established of running pressure- 
drop tests with a straight approach length at least 1> hydrau- 
lic diameters long ahead of the upstream pressure tap. In 
the case of the round duct, the aopro:..ch lei.gth was 28 diameters t 

Exploratory measurements of velocity distribution shelved 
that in order to obtain a s^iTimetrical A/elocity profile in the 
straight duct it was Imperative to aline the duct carefully. 
Slight bends in the duct vrould affect the velocity pattern 
considerably* Care was therefore taken in all tests that the 
duct sections wore linc-d up straight with each other and vdth 
the nozzl^j. 

Velocity traverses were taken for the duct of circular 
cross section at the outlet of the nozzle (fig# H) and at a 
point in the straight duct 2S diameters downstroan of the 
nozzle, wiiich corresponds to the location of the inlet of 
the first elbow in the elbov/ tests (fig. 12). The straight 
duct was continued 20 diameters dov^nstream when it opened 
into atmosphere. Figure 12 shows the velocity patterns with 
test points plotted for vt'.rious speeds. 
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TESTS 

The tests deal vdth throe principal aspects of the in- 
vest i gat ion, nanie ly , 

1. The determination of friction coefficient for the 

straight duct 

2. The r.ieasuronient of pressure drops of single elbov:s 

3» The neasuroiaont of pressure drops of compound el- 
bovxs in three different arrangements, referred 
to as Z-bend, U-bond, and 90^-off3et bend, as 
indicated in figure 1 

Some measurements v/cro made of the velocity distributions in 
the S'^paratcd regions dovmstrcam of the single circular -elbows • 
Additio7ial qualitative measurements of the velocity fluctua- 
tions in these regions \/ero made vrith a hot v/ire and an oscil- 
lograph. Velocity and stroa:a-anglo surveys were also made at 
the outlet of a compound bond in a circular duct. The tests 
v/ere made at mean air ve].o cities in the duct of 100, 200, and 
3GC feet per second and at lov/or and intermediate speeds when 
necessary* ^Thcse velocities covered a Reynolds number range 
from 2 X 10^""' to 8 x 10^ for the circular duct and a corres- 
ponding range of slightly lov/or Reynolds numbors for the other 
ducts because of their lov/or hydraulic diam.eter. 

The pressure drop of the single and compound bends was 
measured by means of static-pressure orific::s 1 foot upstream 
of the inlet of the first elbow and 4 feet downstrec^m of the 
outlet of the second elbow, except for the single elbows of 
circular cross section, for which the dovviistrcam pressure tap 
was only 2 feet from the outlet of tlie elbow. 

In addition to the readings necessary for the determina- 
tion of quantity of flow and of pressures, it was found neces- 
sary to measure air temperatures both on the inlet side and the 
dischxxrge side of the blov/er; there was a considerable tempera- 
ture increase, particularly for duct arrangements of high re- 
sistance. 



syi:bols 



friction factor of straight duct at Reynolds number R 
of tost 

Roynolds number (pVd/|i) 

mean vol o city in the duct 

mass density at temperature and pressure of air at 
blov/cr outlet 

absolute viscosity at tomporature and pressure of air 
at blov/cr outlet 

measured pressure drop between taps 

net pressure droo 

/I A 

dynamic pressure \^ J 

developed length bct\^:een inlet flange of first elbow 
and outlet flange of second elbov/ 

distance of upstroam pressure tap from inlet flange 

of first elbow- 
distance of dov/nstream pressure tap from outlet flange 

of second elbow 

length of straight duct bot-z/een upstream and do\mstrea- 
elbows 

radius of Curvature of center line of elbow 

^ ^ y area \ 

hvdraulic diameter of duct I ^ — — - — I 



distance bet^vocn inlet r.nd outlet ducts of compound el 
bow {L =^ I 4-2r) 

cross-sectional area of duct 
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RESULTS 



Pros sure Loss in Straight Ducts 



The results of nicasuroments of the pressure drop of the 
straight duct are presented in figure 13 for ducts of all 
cross sections tested. 

This graph shows coefficients of friction f 




based on the hydraulic diamotor d, plott-.d against Reynolds 
number • It is seen tint, when correlated by means of the hy- 
draulic diairietor, the friction coefficients of all cross sec- 
tions investigated do not diff.:r much; it is therefore possible 
to draw a curve through the teGt points that may then be ap- 
plied with close approximation to round and elliptical as v/ell 
as to square and rcctang lar cross sections. The curve lies 
slightly above the von Karman-IIikuradse curve (see reference 
2, p« 144) for smooth round tubes. 

Pressure Losses in Single and Compound Bonds 

For presentation of results, the measured pressure drop 
Ap v/as reduced to nondimcnsional form through di^/ision by 

the dynamic ores sure q. The quantity ^ repre sents the 

q 

nondimensional gross pressure droo, Next, a net pressure drop 
Ap» v;as computed by deducting from the measured pressure drop 
corresponding to the friction loss of a straight duct of length 
equal to the developed length of the duct bet^/roon the two pres- 
sure taps. Reduced to nondimensional form, the net pressure 
drop is thus defined as 

Ap» Ap ^/l^ + ^2 



The vf?,lues of Ap^q for all ducts have been plotted against 
Reynolds number in figures 14 to 2$, v/nere, to avoid confusion, 
the experimental points have been omitted froir. most of the 
curves! The scale effect aopoars to be slight for the round 
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and square ducts; for the ducts of high aspect ratio, hov/cvor, 
the pressure drops tend to increase vribh increasing Reynolds 
niLmbor (figs* 19 and 25). In come cases (for example, fig. 
l5), the pressure drop showed a sharp rise toward the lov/ost 
Reynolds nuir.bers; the data are not sufficient, however, to 
Drove the existence of a critical Reynolds nuiaber in this 
range. 

■^"ho results have been croGS-olotted in figures 26 to 
23 to shov; the effect of length of spa cor between elbov7s« 
The values of Ap*/^ shov^ni in these curves are the averages 
for the Ryonolds nuniber range tested, except for those cases 
in which the scale effect v/as unusually large, in v/hich case 
curves .for the higli and low range are shovm separately. (See 
figs. 27(c) and 28(c).) It is clear from these olots that 
the relative radius of curvTcturo r/d is the most inportant 
of the factors affecting the not pressure drop. As coniparod 
v/ith this factor tho effect of length of spacer between el- 
bows may be regarded as being of^ the nature of an interference. 
In general, as the length of tho spacer is decreased, this 
interference causes a decrease of net pressure drop in the 
case of the Unbend (fig. 24), an increase in the case of tho 
Z-bend (fig. 2^), cind aluost no change in the case of the 
90'^-offsot bond (fig. 26)* 

For the purposo of pointing out the relationship between 

the radius ratio of the elbows ~ and tho net pressure drop 

d 

Ap» , a plot has been made in figure 29 of the net ores sure 
~ p» 

drop — for the maximum length of spacer tested against 

tho inverse of the radius r^itio squared v ^ ^ ducts of 

all cross sections. This quantity v/d.s ch<T?5on as it was sur- 
mised that, in the absence of separation, there night possibly 
be proportionality between the net-pressure drop and tho pros- 
sure gradient in the radial direction at the elbow. Inasmuch 
as such reasoning is crude fro-n considerations of tl\e nature 

of the physical phenomena, tho quantity > though not 

quite proportional to the pressure gradient, v/as corisidcrod 
adequate as a first o.pproximation. 
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For the purDOSO of adc^pting the results of the cxocri- 
r.icntal investigation for use in conn.:ction v^ith tho estima- 
tion of pressure drops in compound duct bunds, 3 charts^ 
figures 30, 31, 32 v;erc prepared for the Z, U, and 90 - 
oiffsot bends, respective ly* On these cl-iO-rts v/ero plotted 
the net pressure drops of compound bends of all ducts inves- 
tigated against tho quantity ~ . These graphs shov/ a fami- 

ly of curves for each duct section with tho nondimensional 
noririal distance bctv/eon the axes of the upstream and dov/nstrcam 

ducts IS parameters. The famili--;S of curves r elating 

to tho various duct scotious have been plotted on one ^:raph 
in order to facilitate comparison* Logarithmic paper v.^s 
chosen for those plots not because of any inherent quality 
of the functional" relations, but bocuase it -;as felt that 
the accuracy of oresontation vyas imv^roved thereby. 

Figure 33 shov;s the velocity traverses taken at the out- 
let in the symiactry olanc of the single elbows. Only the 
sharpest bend shovrs ccmoletc separation fron tho inner wall. 
A rnp showing the velocities at 4 diameters in this section 
is given in fi^ur-; 3^. Ov.dng to tho pronounced fluctuation 
in the regions of separation (or of incipient senarati on) , 
tho velocities measured here ozcoed the two average velocities 
in tho axial direct ion.. 

Some indication of tho degree of fluctuation v/as afforded 
by the hot-v/ire measurements. Thus, figure 35, the ordinates 
of v/hich are proportional to the mean local airsp:ed, shovrs a 
different distribution from that of the corresponding curve 
of figure 33 0 Oscillograms taken in the "separation" inner 
region and the "smooth" outer region are compared in figure 36. 

Figure 37 shows surveys of velocities, static pressure, 
and angles of flo'J at the outlet of a 90^-offsct compound^ 
bend. The vo-riation in angle of flow across the duct indicates 
a pronounced rotation of the flow. The fact that the net 
pressure drops of the 90^-offset bends are lov/er than those of 
the U-bend cand Z-bend may bo traced to tho effect of this ro- 
tation of flov/ in, and dovmstream of, the second elbow, ;.Tiich 
tends to energize the boundary 1 .ycr. 
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CONCUJSIONS 

1. Friction-drop coofficionts of straight ducts, if com- 
putod on the bases of hydraulic dianotor, aro nearly indepond- 
cnt of cross-soctional shape. 

2. The TDrossurc-drop coefficients for single and com- 
pound bonds vary but slightly vrith Reynolds number in the range 
of Reyi-olds numbers from 2 x 10 ^ to 8 x 10^. Tho variation 
docs not appear to be uniform. 

3« The radius ratio is the most important of the vari- 
ables for the three types of bend affecting the pressure-drop 
coefficient of bonds. 

4. For compound bonds, the not pressure drop decreases 
vdth decrease of spacer length in the case of U-bends, end 
increases v:ith decrease of length of spacer in the case of 
Z-bends. The effect of spacer length is very small in the 
case of the J'O^-o^'^set bonds • 

5. There is a rotation of the flov/ dov/rstream of the 
90^-offsGt compound bend. This rotation probably accounts 
for the fact that the pressure drops across the 90 -off set 
bends aro less than those across the corresponding U-bends 
or Z-bends. 
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Figure 2.- Photograph 
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Figure 7.- 
Elbow and 
dust spa- 
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circular 
cross 
section. 



Figure 5.- Duct install- 
ation for test 

Traversing of 90^ offset bend show- 
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multiple tube manometer. 
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Figure 3.- Performance characteristics of blower at 3000 rpmt 
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Figure 6.- Location of total- and static-- 



•pressure tutes of traversing head. 
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Compound U-bend for rectangular Figure 10.- Compound SO^-offset bend for 



Figure 36.- Oscillo- 
gram 

showing speed fluc- 
tuations. 




elliptical duct. 



(a) In free stream. 

(b) In area of sep- 
aration. 
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Distance across duct, in# 
Figure llt^- Velocity traverse at the outlet of the 6-inch-diaineter nozzle. 
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Fig. 12 
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Figxire 12,- Velocity traverses at inlet of the first elbow. 
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A Rectangular duct, 3 by 1 
V Rectangular duct, 5 by 1 
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^'ig^ire 14,- Variation of net pressure drop with Reynolds nvunber for 
single bends in circular ducts. 
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Figure 15. - Variation of net pressure drop ^'^^ fieynof(^s number 
for compound bends in circular ducts. 
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Figure 16.- Variation of net pressure drop with Reynolds number for single bends in 3 by 1 

elliptical ducts. 5; 
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f igure 17. Variation of ne^ joressure drop with Reynold<s number For 
compound /bends /n J /by/ ef/iptical duc/cf . 
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Figure 19. Voriafion of net pre^^ure drop w/th Reynolds number for compound 
bend^ In hy / e///pf/co/ ducts. 
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Figure 18«- Variation of net pressure drop with Reynolds number for 
single "bends in 5 by 1 elliptical ducts. 
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Figure 20.- Variation of net pressure drop with Reynolds numl)er for single bends in square ducts 
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n^ure - Variation of net pressure drop with Reynolds number for 
wiM y^o) co/r^ound 6 ends in J iby / rectangular ducts. 
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Figure 24,- Variation of net press-ore drop with Reynolds n-umter for 
single bends in 5 by 1 rectangular ducts. 
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Figure27.- Varioflon of net pressure drop yv/th length of spacer for compoc/ndZ-bends. 

[Measure v^il-h '/Sc ' ) 
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(c) r/d '^0,76 
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f^/gure Z3.~ Vor/'ohcyj of net pressure c/rop \/r/-i-h length of space f 
far- co/n/oound SO^'offsef t>enc/s. 
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Figure 29.- Variation of net pressure drop with radius of curvature for compound bends with maximum spacer 
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Figure 30.- Net pressure drop against radius of curvature for U-bendSo 



Fig. 31 




3.0 4.0 5,0 6.0 



Figure 31.— Net pressure drop against radius of curvature for Z-bends. 
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Fig. 32 
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Figure 32.- Net pressure drop against radius of curvature for 90°-offset 
bends. 
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Figure 33 Velocity distribution downstream of single elbow in plane of 
curvature. 




Figure 34,-. Velocity traverses and constant-velocity contours at outlet of 
4-1/2 -inch-radius single elbow. 
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